Nanorods of substoichiometric tungsten oxide (WO x ) were grown on single crystal tungsten substrate. The grown nanorods were investigated with scanning electron micrope and atomic force microscope. WO x nanorods were grown on W(001) in accordance with epitaxial relationship between WO 3 crystals and W(001) surface. The results indicate that the WO 3 crystals formed at the initial stage act as the nuclei of WO x nanorods. Nanorod growth of certain epitaxial directions can be selectively enhanced by choosing growth methods or choosing suitable crystallographic orientation of substrate surface.
The growth of WO x nanorods was performed in an ultrahigh-vacuum (UHV) chamber. A single-crystal W(001) plate was cleaned by oxidation as follows. The substrate was oxidized by heating at 1000 K in 1 x 10 -5 torr O 2 and annealed at 1600 K under UHV conditions to remove tungsten oxides. By repeating this procedure several times, a clean W(001) surface to be used as a substrate for WO x nanorod growth was prepared. Two different growth methods were used for the formation of WO x nanorods. The first method was nanorod growth using tungsten oxide generated on the substrate surface (growth method 1). The substrate was heated to 900 -1000 K in 1 x 10 -5 torr O 2 for 5 min to 3 hours, resulting in the growth of nanorods. The second method (growth method 2) was the deposition of tungsten oxide from a tungsten foil as follows. The tungsten foil was placed in front of the substrate at a distance of 10 mm. The substrate was heated to 900 -1000 K in 1 x 10 -5 torr O 2 , and the tungsten foil was heated to 1200 -1300 K. The grown nanorods were observed using a field emission scanning electron microscope and an atomic force microscope. Figure 1 shows an SEM image of WO x nanorods grown on W(001) substrate using growth method 1. Most of nanorods were grown approximately parallel to the surface. The nanorods grown parallel to the surface were aligned in four directions along W<110>. AFM measurements reveal that WO x nanorods were not precisely parallel to the surface, they inclined with 6.5˚ from the surface. The observed deviation from surface parallel direction can be understood on the basis of epitaxial relationship between WO 3 crystals and the W(001) surface. The results indicate that WO 3 crystals formed at the initial stage of oxidation act as the nuclei for subsequent WO x nanorod growth. Figure 2 shows an SEM image of WO x nanorods grown on W(001) substrate using growth method 2. In contrast to the case of growth method 1, most of nanorods grew approximately perpendicular to the surface. The slight inclination of nanorods can be also explained with epitaxial relationship between WO 3 crystal and substrate. The difference between Fig.1 and Fig.2 indicates that selective enhancement of the epitaxial growth direction is possible.
Selective enhancement of the epitaxial growth direction is also possible by choosing suitable crystallographic orientation of substrate surface. When vicinal surface of W (001) The knowledge about epitaxial relationship between WO x nanorods and single crystal tungsten substrate will become important in various kinds of applications since well-defined connection between nanorod and substrate can be formed and direction controlled growth is possible. Fig. 1 
